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Abstract 

 

Several Hard carbon||Na3V2(PO4)2F3 full-cells in 18650-format are assembled to demonstrate 

the possible use of SIBs in stationary applications. The cell aging process is investigated in two 

different conditions: (i) continuous cycling at different current rates, and (ii) storage at different 

states-of-charge at various temperatures. The obtained results reveal that the cell degradation 

depends strongly on the temperature, current rates applied in cycling conditions, or state-of-

charge of the storage test. Under cycling conditions, the continuous sodiation/desodiation may 

induce significant mechanical deformation, leading to the detachment of active materials from 

the current collector. Furthermore, the post-mortem analysis shows that reaction rate and aging 

process are not homogeneous along the electrode roll. The XRD analysis shows that 

Na3V2(PO4)2F3 structure is robust; nevertheless, the material cannot recover the initial Na+ 

content as the cycling progresses, which is the main cause for capacity loss in the positive 

electrode. The solid-electrolyte interphase present on the hard carbon surface was characterised 

using XPS. The hard carbon electrode cannot be detected during this study, evidencing the 

formation of a relatively thick (> 5 nm) passivating layer composed of carbonate salts and NaF, 

which are the main products of electrolyte decomposition.  
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1. Introduction 

Degradation of battery performance upon lifetime is common to all battery technologies [1] and 

is typically rooted in parasitic reactions, which may involve both active (electrode materials, 

electrolyte) and inactive (current collectors, separator) battery components. The type of such 

reactions and the extent to which they occur depends not only on the battery chemistry but also 

on the battery design and, most importantly, on operation conditions (temperature, cycling rate, 

state of charge during storage). 

Research on this complex topic, especially for the Li-ion technology, has been intensified in 

the last years due to the entering of this technology into transportation and grid applications for 

which the enhancement of cycle life is compulsory. In portable electronic devices, the need for 

Li-ion batteries (LIBs) to outlive the devices they power has been much easier to fulfill. It is 

now generally accepted that the aging in Li-ion cells is related to either loss of lithium inventory 

related to consumption of lithium ions by parasitic reactions (film formation, electrolyte 

decomposition, lithium plating) or loss of active material in the electrodes either due to particle 

cracking, delamination or partial dissolution [2–6]. While the loss of performance at the 

negative electrode is rooted in Solid Electrolyte Interphase (SEI) instability (enhanced at higher 

temperatures) and lithium metal plating (intensified at low temperatures) [7], on the positive 

electrode, it is caused mainly by the partial dissolution of the active material during 

cycling/storage or electrolyte oxidation, which is promoted by temperature and high potential. 

In parallel to efforts aiming at understanding the fundamentals lying behind the battery aging 

process, the scientific community has recently and intensively dedicated significant efforts to 

the development of new alternative battery chemistries, which would ultimately not involve the 

use of lithium, which is a relatively scarce element in the earth crust. Amongst these, the 

sodium-ion battery (SIB) concept is especially attractive. Indeed, sodium is widely abundant, 

and it has chemical analogies with lithium, which could result in accelerated technology 

development by taking advantage of the comprehensive accumulated know-how in LIBs [8–

11]. Nevertheless, some relevant differences between both technologies should be considered 

when developing this new battery chemistry. For example, the conventional negative electrode 

for LIBs, graphite, does not insert sodium unless it is solvated to form ternary intercalation 

compounds [12], and up to now, only hard carbon (HC) exhibits realistic application prospects 

[13–15]. The feasibility of SIBs using hard carbon negative electrodes is beyond any doubt 

[11,16], and many start-up companies are currently manufacturing prototype cells involving 

different positive electrode materials [17–19]. Amongst these concepts, the one using polyanion 
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Na3V2(PO4)2F3 (denoted NVPF hereafter) as positive electrodes stands out for its high average 

voltage and high rate capabilities [20–24]. 

It is well reported in the literature that LIBs are sensitive to temperature, current rates, storage 

state-of-charge (SoC), cycling potential window, and of course, time [25–35]. Similar to LIBs, 

Na-ion batteries are also expected to have performance fade over time and use. Some published 

papers have discussed in detail the performance degradation in half-cells using sodium counter 

electrodes [36–38]; aging studies on full-cells, to the best of our knowledge, have never been 

reported before. For this purpose, test protocols were selected to investigate the impact of these 

aging factors on the sodium-ion cells used in this study. The post-mortem analysis on the aged 

cells may identify predominant mechanisms taking place and thus help design age-resistant 

battery materials. 

In this study, several Hard carbon||Na3V2(PO4)2F3 full-cells in 18650-format were assembled 

to demonstrate the feasibility of using SIBs in stationary applications. The assembled cells 

showed little electrochemical performance variability thanks to an optimised fabrication 

process, ensuring that conclusions drawn from one cell represent the whole series. They were 

subjected to aging tests in (i) continuous cycling at different current rates, simulating the cell 

degradation in actual working conditions, and (ii) storage at different states-of-charge and 

various temperatures. The capacity degradation was followed through several quick check-ups. 

At the end of the test, the cells were disassembled for autopsy, and the two electrodes, negative 

and positive, were recovered for post-mortem analyses with X-ray diffraction, solid-state 

nuclear magnetic resonance, and X-ray photoelectron spectroscopies. Combining bulk and 

surface-sensitive techniques helped us obtain insightful information on the degradation process 

taking place in the bulk of the active materials and the passivating layer. 

 

2. Experimental 

2.1. Cell manufacturing and initial formation process 

The NVPF active material was prepared following a previously reported process at the scale of 

1 kg per batch [39]. The hard carbon electrode material was Carbotron P(J) purchased from 

Kureha. The casted electrodes were prepared following a standard procedure using a high-speed 

disperser to process the ~ 17 kg slurry batch (7.1 kg NVPF and 6.5 kg HC) and a pilot slot die 

COATEMA coater (3 m long oven). For NVPF, a 190 m long electrode was cast on a 20 µm 

thick Al current collector with a 110 mm width and a mass loading of 12 mg.cm-2 where 91 
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wt.% of it is NVPF. For HC, a 100 m long electrode was produced on a 20 µm Al current 

collector. Its width was 180 mm, and its mass loading was 6 mg∙cm-2. The HC/NVPF capacity 

ratio in the first cycle is 1.12 while the reversible HC/NVPF capacity in later cycles is 1.03. 

36 cells in 18650-format were then made. This format, first introduced by Sony in 1991, is a 

standard for Li-ion cells, often used to benchmark materials. The cylindrical 18 mm diameter 

and 65 mm high cell uses a steel casing and a crimped tight cap, including safety features. The 

electrodes (~50 cm long) are wound together with a separator (Celgard polyolefin) to form the 

so-called “jelly rolls”. 1M NaPF6 in ethylene carbonate and dimethyl carbonate (EC/DMC = 

1/1) with 1.5 wt.% of fluoroethylene carbonate (FEC) additive was used as electrolyte. The 

electrolyte was prepared in an Ar fill glove box (moisture < 2 ppm) by mixing NaPF6 (from 

Stella Chemifa Corp., moisture < 50 ppm) with an EC/DMC 1/1 volume mixture (from UBE 

Corp., moisture < 10 ppm) and 1.5w% of FEC (fluoroethylene carbonate, from SOLVAY). The 

average weight of the cells was 32.5 g. The cells’ formation was carried out between 4.25 V 

and 2 V with a first cycle at C/10 current rate, followed by a C/5 capacity check. The nominal 

capacity used for formation was 750 mAh. Rate capability was measured at 25oC and 45°C and 

from C/3 to 5C discharge rate with constant C/3 charge rate between each, in the same voltage 

window. 

 

2.2. Aging Tests 

The aging tests consisted of cycle-life and calendar tests (also known as storage tests). In these 

conditions, the charge C-rate, the temperature, and the state-of-charge of the cell during storage 

were varied to investigate their effects on the cell’s lifetime. These different aging conditions 

are summarised in Table S1 and Table S2. Every test was performed on two different cells to 

confirm the repeatability of the results. 

The cycle-life tests consisted of constant current charge-discharge cycles within a fixed voltage 

window varying from 2.0 V to 4.25 V, corresponding to 100% ∆SoC. They were performed at 

two different temperatures: 25°C and 45°C, and at charge/discharge C-rates of C/5, 1C, and 2C. 

The aging tests were interrupted to conduct check-up tests to measure changes in the 

performances of the cells. Note that these check-up tests should ideally not have any impact on 

cell degradation. Two protocols were used: the extended and the short check-up tests. The first 

one was performed before starting and at the end of the aging test (State of Health (SoH) = 80% 

and/or a specific duration/number of cycles). The extended check-up test consisted of a capacity 
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test at different discharge C-rates (C/20, C/5, C/3, C/2, 1C, 2C, and 5C) and a charge and 

discharge pulse test (30 s at 1C). The short check-up test was performed at shorter and regular 

intervals (every 28 days), consisting of two standard cycles with a C/5 current rate and a charge 

and discharge pulse test. 

The calendar aging tests were performed by storing the cells at different SoC (30%, 50%, and 

100%), at a constant temperature (5oC, 25oC, or 45oC), and open-circuit voltage (OCV) value. 

The calendar test conditions and the number of cells used in this experiment are summarised in 

Table S2. Regular check-up tests were performed to determine the remaining capacity during 

the aging process, and the calendar test terminated when the cell’s SoH = 80%. 

 

2.3. Cell dismantling and sample preparation. Before dismantling, the cells were discharged 

at a C/10 current rate until the minimum voltage of 2.0 V was reached. This voltage was 

maintained until the current was less than or equal to C/100. This two-step discharge protocol 

with constant current and voltage ensuring that all electrochemically active sodium ions were 

stored in the positive electrode, leaving the negative electrode free of exchangeable sodium 

regardless of the cells’ aging state. Indeed, aged cells could have highly polarised discharge 

curves, leading the cell to reach the end-of-discharge voltage quickly when Na+ might not be 

wholly re-intercalated into the positive electrode. The discharged cells were disassembled in an 

Argon-filled glove box using cutting tools such as DREMELTM or a ceramic cutter. A careful 

unrolling process was performed to avoid shortcuts between electrodes and prevent biased 

results. 

Several NaxV2(PO4)2F3 references were prepared to help interpret 23Na and 31P solid-state 

nuclear magnetic resonance spectra recorded on the cycled electrodes. These references were 

prepared in small quantity (~ 5 mg) by cycling Na||NVPF half-cells at C/20 current rate (per 

Na+). The amount of extracted Na+ was controlled by limiting the charging time corresponding 

to the number of exchanged electrons. These NaxV2(PO4)2F3 references were prepared in small 

quantity to make sure the homogeneity of the samples. The samples recovered after cycling 

were washed with dimethyl carbonate and dried under vacuum before being characterized by 
23Na, 31P ss-NMR, and then XRD. To perform ss-NMR measurements, the samples were 

packed in a 2.5 mm rotor requiring ~ 10 mg of material for the rotor to be fully packed, the 

samples were thus mixed with KBr. That is why KBr diffraction peaks were observed in all 

reference samples. 
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2.4. Post-mortem characterization 

For all characterization techniques, the samples were always stored or handled under argon 

atmosphere to avoid any contact with air or moisture. 

X-ray diffraction (XRD) patterns of the post-mortem samples were recorded on a Philips 

PW3830 diffractometer, equipped with a Cu Kα1,2 irradiation source, using a conventional air-

tight sample holder. The data were recorded in the 2θ angular range of 5o–120o, with a step size 

of 0.02o and a counting time of 10 s per step. The profile matching was performed on the 

obtained data using the FullProf suite program [40]. 

23Na solid-state nuclear magnetic resonance (ss-NMR) spectra were acquired on a Bruker 

Avance III 500 MHz spectrometer, equipped with an 11.7 T wide-bore magnet (operating at 

the Larmor frequency of 132.3 MHz for 23Na). Experiments were performed using a 

conventional 2.5 mm MAS probe with a 30 kHz MAS rate. Chemical shifts were referenced 

relative to an aqueous 1M NaCl solution at 0 ppm. A short pulse length of 1 μs corresponding 

to a selective π/8 pulse determined using a 1 M NaCl aqueous solution was employed in each 

case. The spectral width was set to 1 MHz and the recycle delay of 0.2 s, long enough to avoid 

T1 saturation effects. The baseline distortions resulting from the spectrometer dead time (8 μs) 

were removed computationally using a polynomial baseline correction routine. The obtained 

data were processed by TopSpin and DM-fit software [41]. 

31P solid-state nuclear magnetic resonance spectra were acquired on a Bruker Avance III 100 

MHz spectrometer, equipped with a 2.4 T wide-bore magnet (operating at Larmor frequency of 

40.6 MHz for 31P), using a standard Bruker 2.5 mm MAS probe at 30 kHz MAS rate. Chemical 

shifts were referenced relative to an aqueous H3PO4 85% (Sigma-Aldrich) solution at 0 ppm. A 

Hahn echo sequence was used with a π/2 pulse of 1 μs, and a recycle delay of 0.2 s. 

X-ray photoelectron spectroscopy (XPS) data were collected with a Thermo Scientific 

Escalab 250 Xi spectrometer using focused monochromatised radiation at Al K hν = 1486.6 

eV photon energy. The analysed area of the samples was a 450 × 900 μm2 ellipse. Core peaks 

were recorded with a constant pass energy of 20 eV. The binding energy scale was calibrated 

from the hydrocarbon C 1s peak at 285.0 eV or the carbon Super P at 284.5 eV. The XPS 

introduction transfer chamber was directly connected to an argon glovebox, in which the 

samples were prepared. Before analysis, both negative and positive electrodes were washed 

three times by 1 min immersion in pure anhydrous DMC baths to get rid of the NaPF6 salt 



8 
 

precipitated on the electrodes’ surface. DMC was then evaporated by leaving the electrodes 

under vacuum (using the glovebox antechamber) for at least 1 hour. 

 

 

3. Results 

3.1. Initial tests 

Thirty-six 18650-format cells were assembled in this study, and the initial electrochemical 

properties of these cells are gathered in Table S3. All the cells reached an average specific 

energy of 83 Wh∙kg-1 at C/10 with 20.6% of irreversible capacity in the first cycle of the 

formation. The average charge capacity in the first cycle referred to the amount of NVPF is 129 

mAh∙g-1, which is in good agreement with the values obtained for this material in half-cells 

[23,24,42,43]. Average normalised resistance was measured at 51 Ohm∙cm-². The dispersion in 

the observed values was low, owing to the pilot coatings used to manufacture the cells. 

Rate capability was measured for the first batch of six cells at 25oC and 45°C and from C/3 to 

5C discharge rates with a constant C/3 charge rate between each (Figure 1). Very stable rate 

capability was observed with only a small voltage drop at high current rates but without the 

sloping voltage curve, characteristic of diffusion limitations. Higher temperature resulted in a 

more significant capacity recovery, probably due to the enhanced electrolyte conductivity at 

45°C (Figure 1). The same test results at 25oC on six representative cells are featured in Figure 

S1. More than 85% of energy retention and 92% of capacity retention were obtained at a 5C 

discharge rate. 
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Figure 1. 18650-cells discharge rate capability at (a) 25oC and (b) 45oC. 

 

Pulse discharge resistance (using a pulse length of 30 s at 2C current) was also measured as a 

function of SoC at 25oC and 45°C (Figure S2). The resistance increased gradually when SoC 

decreased, apart from a spike around 43% of total capacity. This feature was due to two 

potential steps of NVPF during discharge. Since there was 0.5 V difference between the two 

voltage plateaus of NVPF, the apparent resistance taken around 43% SoC appeared to be more 

significant. On the other hand, the stable high voltage of 4 V, coupled with low resistance in 

this region, allowing highpower applications. A significant temperature effect was observed 

with a decrease of ~30% in resistance when moving from 25oC to 45°C (Figure S2). 
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3.2. Cycling tests 

As the life-cycling tests were performed using different current rates, it is convenient to use the 

total throughput capacity (Ah) and the number of equivalent cycles to compare different sets of 

results. The total throughput capacity represents the total discharge and charge capacities 

measured through the complete test. The equivalent cycle number is the results of dividing the 

total throughput capacity by the capacity of one complete cycle (including charge and 

discharge), which is 1.4 Ah (2  0.7Ah) in this study. As the check-up tests may contribute to 

the overall capacity loss, the capacity exchanged during check-up tests was also included. 

The percentage of capacity loss was calculated based on the discharge capacity (C/5 constant 

current followed by constant voltage with a C/25 cut-off rate) measured at the second standard 

cycle. 

Capacity loss %  
C C

C
100 

with C  being the discharge capacity measured at the end of the second standard cycle of the 

check-up test and C  being the discharge capacity measured at the end of the second standard 

cycle of the first check-up test (initial capacity). 

Figure 2a compares the capacity loss measured during check-ups of the cells cycled at 25°C 

and those at 45°C. It was clear that compared to the test conducted at 25°C, higher temperatures 

increased the capacity fading rate. Figure 2b also shows the evolution of the cells’ discharge 

capacity loss, cycled at 25°C and different C-rates. The cells aged with C/5 and 2C current rates 

showed excellent reproducibility; however, the two cycled at 1C show a significant deviation 

(Figure 2b). The cells cycled at the highest C-rate (2C) degraded less than those cycling at 

lower C-rate (C/5). This behaviour is consistent with the electrolyte faster degradation at low 

C-rates, especially at high SoC levels (i.e., high voltage). Interestingly, cycling at a low C-rate 

at 25°C induces faster cell degradation than at 1C and 45°C (Figure S3). Post-mortem analysis 

of the cells with XRD, ss-NMR, and XPS was performed in order to identify the nature and the 

quantity of the degradation products and detect changes in the active materials, if any. 
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Figure 2. (a) Capacity loss for cells cycled at 1C at 25°C and those cycled at 1C at 45°C. (b) 

Capacity loss as a function of number of equivalent cycles for cells charged at different C-

rates at 25oC. 

 

3.3. Calendar tests 

Two main factors that may influence the cell aging process during storage are SoC and 

temperature. In order to decorrelate the impact of these two factors, two sets of experiments 

were performed: (i) the cells’ SoC were set at 100% and the degradation was followed at 

different temperatures, and (ii) the storage temperature was fixed at 25oC while the cells were 

stored at different SoCs. 

Impact of temperature on the aging process. Several cells were stored at 100% SoC and 

different temperatures (5oC, 25oC, and 45oC) for up to one year. These tests were interrupted 
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regularly, and a check-up test was then performed to check their remaining capacity. The 

calendar test terminated when the cell’s SoH reached 80%. 

As can be inferred from the plots depicted in Figure 3a, the cells stored at 100%SoC and 45°C 

showed a higher degradation rate than those stored at 5°C and 25°C, which could be due to the 

lower stability of the electrolyte at elevated temperatures. Furthermore, the cell’s internal 

resistance increased gradually during the storage time (Figure 3b), which was undoubtedly a 

consequence of the continuous electrolyte degradation when stored at 100% SoC. Discharge 

capacity at different C rates was evaluated for all the cells at the end of the storage test and 

compared to the values obtained initially (Figure 3c). The results clearly indicate that storage 

resulted in capacity loss, and the extent of which was more important at higher temperatures as 

the electrode/electrolyte degradation was more severe. 

Impact of state of charge. Several cells were stored at 25oC and different SoCs (30%, 50%, 

and 100%) for more than one year. The impact of SoC on the capacity loss and the internal 

resistance after storage at 25°C is presented in Figures S4a and S4b, respectively. A higher 

capacity loss was observed at 100% SoC most likely due to electrolyte instability, caused by a 

direct contact with fully charged negative and positive electrode materials at potentials close to 

0 and 4.25 V vs. Na+/Na, respectively. As expected, the cell’s internal resistance increased 

faster when the storage test was performed at 100% of SoC. 

The obtained results confirm that both temperature and SoC have significant impacts on the 

aging process. The best conditions for HC||NVPF cells to have a long-life duration upon storage 

are 25°C and 30% SoC. Since the capacity loss was more severe at 100% SoC and 45oC; hence, 

post-mortem analyses will be performed for cells stored under these conditions. 
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Figure 3. (a) Normalized reversible capacity of the cells stored at 100% SoC, at 5oC, 25oC, and 

45oC. The discharge capacity was measured at a C/5 current rate and the calendar test 

terminated when the cell’s SoH reached 80%. (b) Impact of temperature on the internal 

resistance measured at 50% of discharge after one month of storage at 100% SoC. (c) Discharge 

capacity measured at the end of the storage test at 100% SoC. The discharge capacity of a fresh 

cell is depicted as a reference. 
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3.4. Post-mortem characterization 

Post-mortem tests were done on the materials recovered from two HC||NVPF full-cells to 

investigate the influence of the temperature and the cycling conditions on the cell’s degradation 

process. The first cell was cycled continuously in the potential range of 2.0 – 4.25 V with a 

current rate of 1C at 45oC. The cell lost 43% of its initial capacity after 800 cycles before 

dismantling at discharged state. The second cell was stored at 100% SoC and 45oC for nearly 

four months, and it was discharged at a C/10 rate until the minimum voltage of 2.0 V before 

dismantling. 

 
Figure 4. Images of the electrodes and the separators recovered from a HC// NVPF full-cell 

after 800 cycles in the potential range of 2.0 – 4.25 V with a current rate of 1C at 45oC. 

 

Visual inspection. Images of the cells’ electrodes and separators recovered after long-term 

cycling at 1C and 45°C are depicted in Figure 4. After cycling, the negative electrode presented 

bright deposits in the middle all along the electrode. Such deposits were not observed for the 

aged electrode in calendar conditions (Figure S5). Contrary to the stored electrode, this cycled 

electrode was folded in the core, likely a consequence of mechanical stress associated with the 

sodium insertion/de-insertion in the active material. Furthermore, when we were trying to 

remove the negative electrode roll from the separator, some parts of the electrode were detached 

from the current collector and remained adherent to the separator (Figure 4). The electrode 
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detachment was observable only on the side facing the case, e.g., separator 2 (Figure 4). In 

contrast, the positive electrode seemed not to be damaged, except for some small and clearer 

halos visible on the stored positive electrode and in the separator facing it (Figure S5), 

attributed to tiny gas bubbles formed due to electrolyte decomposition. This feature was also 

observable on the separator facing the positive electrode of the cycled cell, becoming 

completely brown, except in some small spherical areas remaining white after the cycling. One 

can speculate that in these areas, the separator was not directly in contact with the positive 

electrode surface because of the gas bubbles, and thus it did not get colored. On the other hand, 

the separators showed no degradation after the calendar test (Figure S5). 

 

X-ray diffraction characterization. The positive electrodes recovered after the aging tests 

(long-term cycling and calendar tests) were analyzed by powder X-ray diffraction (XRD) to 

detect the structural modifications that may occur in the material after applying different cycling 

conditions. The XRD patterns recorded on the positive electrode recovered after the long-term 

cycling test at 45oC, at the beginning, middle, and end of the roll, are depicted in Figure 5a. 

They show the presence of well-defined diffraction peaks, which testified the stability of the 

NVPF structural framework, even after 800 cycles. Nonetheless, the difference in the relative 

intensity of the diffraction peaks recorded at different parts of the recovered electrode implies 

an inhomogeneity in the Na-content along the electrode. Furthermore, none of them resembled 

the XRD pattern of the pristine material NVPF, indicating that the cycled electrode could not 

recover its initial Na-content after 800 cycles, despite the full discharge protocol applied before 

the dismantling of the cell. 

Several NaxV2(PO4)2F3 samples with different values of x were prepared ex situ, and their XRD 

patterns were used as reference to estimate the Na-content in each part of the recovered 

electrode (Figure S6). Unfortunately, none of the XRD patterns resembled exactly any 

reference pattern. The asymmetry, the broadening, and the splitting of some diffraction peaks 

indicated the presence of at least two different NaxV2(PO4)2F3 compositions in each sample. 

Profile matching analysis was carried out and the NaxV2(PO4)2F3 compositions present in each 

part of the electrode were estimated from the calculated V/Z values (Table 1) and the standard 

line given in Figure S7. The profile matching analyses performed on the XRD patterns recorded 

for the beginning, middle, and end of the roll, recovered from the aging cycling test are given 

in Figures S8-S11. A mixture of Na2.2V2(PO4)2F3 and “Na2.3V2(PO4)2F3” was detected at the 

beginning of the recovered electrode, which might be a consequence of inhomogeneity in Na+ 



16 
 

distribution between different particles. The middle of the recovered electrode was 

characterised by the co-existence of two different phases with the “Na2.3V2(PO4)2F3” 

composition (Table 1). Even though the nominal composition was the same, the Na+ 

distribution might not be identical, leading to the formation of a series of local domains that 

were close in composition and characterised by a slight mismatch in their corresponding cell 

parameters. At the end of the aged electrode, there was a surprising existence of two phases 

with a significant compositional difference, “Na2.7V2(PO4)2F3” and Na2.2V2(PO4)2F3 (Table 1), 

indicating inhomogeneity in Na+ content in different particles. 

By operando synchrotron XRD, we have earlier reported that neither “Na2.3V2(PO4)2F3” nor 

“Na2.7V2(PO4)2F3” intermediate phases could be isolated [44]. The operando experiment 

reported in previous study had been performed on the first charge of a fresh Na||NVPF half-

cell; however, in this study, HC||NVPF full-cells were used and XRD patterns were recorded at 

the end of discharge where the cells had been working for several cycles. The inability to 

recover the initial composition, Na3V2(PO4)2F3, or a composition close to it is due to the fact 

that a significant amount of Na+ stock was lost in the first cycle as irreversible capacity related 

to the formation of the SEI layer on HC electrode. The loss of Na+ inventory is thus the cause 

of the observation of non-equilibrium compositions, “Na2.3V2(PO4)2F3” and “Na2.7V2(PO4)2F3”. 

Moreover, the inhomogeneity in the internal pressure at different zones of the jelly roll and the 

temperature gradient inside the cell were the main causes of inhomogeneous Na+ loss along the 

roll, as reflected in the composition of the recovered electrodes. Higher irreversibility was 

observed at the beginning of the roll (Table 1), and thus thicker SEI was expected on HC 

surface as higher temperatures were detected at the center of 18650 cells [45]. 
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Figure 5. (a) XRD patterns corresponding to samples recovered at the beginning, the middle, 

and the end of the positive electrode after the long-term cycling test at 1C and 45oC compared 

to the one of the electrode recovered from the calendar test (middle of the roll). The XRD 

pattern of an uncycled Na3V2(PO4)2F3 electrode is given as a reference. (b) 23Na ss-NMR 

spectra recorded at B0 = 11.7 T with R = 30kHz of the aged electrodes as compared to those 

of Na3V2(PO4)2F3, Na2.6V2(PO4)2F3, Na2.2V2(PO4)2F3, Na2.1V2(PO4)2F3, and Na2.0V2(PO4)2F3 
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references. (c) 31P ss-NMR spectra phases recorded at B0 = 2.35 T with R = 30 kHz of the aged 

electrodes as compared to those of Na3V2(PO4)2F3, Na2.6V2(PO4)2F3, Na2.2V2(PO4)2F3, 

Na2.1V2(PO4)2F3, and Na2.0V2(PO4)2F3 references. 

 

The positive electrode recovered from the calendar test at 45oC was also analysed by XRD and 

the profile matching analysis revealed the presence of two different phases whose composition 

was close to Na2.0V2(PO4)2F3 (Table 1 and Figure S11). Overall, it appears that whatever the 

cycling conditions, the compositional inhomogeneity seemed to occur from the very first cycles 

due to the loss of Na+ inventory resulting from the SEI formation. This loss seemed tremendous 

in the calendar test, where the cell was stored at 100% SoC during nearly four months, 

compared to the continuous long-term cycling test, likely related to more severe electrolyte 

decomposition under these conditions. 

 

Table 1. Calculated cell parameters in the I4/mmm space group of NaxV2(PO4)2F3 compositions 

observed at different zones of the positive electrode recovered after the long-term cycling test 

at 1C and 45oC, and for the positive electrode recovered after the calendar test at 45oC (middle 

of roll). The cell parameters of Na3V2(PO4)2F3, Na2.2V2(PO4)2F3, and Na2V2(PO4)2F3 [44] are 

used as reference to determine the Na-content in NaxV2(PO4)2F3. 

 a (Å) b (Å) c (Å) V/Z (Å3)  
Na3V2(PO4)2F3† 6.3843(1) 6.3941(1) 10.7402(5) 219.20(1)  
Na2.2V2(PO4)2F3 6.3244(1) 6.3244(1) 10.7837(3) 215.66(1)  
Na2V2(PO4)2F3 6.3021(1) 6.3021(1) 10.7933(2) 214.34(1)  

Position     
Estimated 

composition 
Beginning of 

roll 
6.3273(3) 6.3273(3) 10.770(1) 215.59(1) Na2.2V2(PO4)2F3 
6.3256(3) 6.3256(3) 10.7855(5) 215.78(1) “Na2.3V2(PO4)2F3” 

Middle of roll 
6.3365(4) 6.3365(4) 10.753(1) 215.87(1) 

“Na2.3V2(PO4)2F3” 
6.3290(3) 6.3290(3) 10.7840(6) 215.98(1) 

End of roll 
6.3557(8) 6.3557(8) 10.783(2) 217.78(1) “Na2.7V2(PO4)2F3” 
6.3220(8) 6.3220(8) 10.782(2) 215.46(1) Na2.2V2(PO4)2F3 

Calendar test 
(middle of roll) 

6.3100(3) 
6.3060(3) 

6.3100(3) 
6.3060(3) 

10.781(1) 
10.7869(4) 

214.62(1) 
214.47(1) 

Na2.0V2(PO4)2F3 

† From the crystallographic point of view, the structure of Na3V2(PO4)2F3 is described in the Amam 
space group with a = 9.02847(3) Å, b = 9.04444(3) Å, and c = 10.74666(6) Å. In this case, a cell 
transformation is applied to convert all the systems to the same setting in the I4/mmm space group for 
comparative purposes. 
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23Na solid-state NMR spectroscopy. 23Na ss-NMR spectra of samples recovered from the 

positive electrode at the beginning, middle, and end of the roll recovered from the long-term 

cycling were compared to those of Na3V2(PO4)2F3, Na2.6V2(PO4)2F3, Na2.2V2(PO4)2F3, 

Na2.1V2(PO4)2F3 and Na2.0V2(PO4)2F3 references in Figure 5b. The 23Na NMR spectrum of 

uncycled Na3V2(PO4)2F3 shows its main resonance at 139 ppm (Figure 5b), which is attributed 

to the Fermi contact between Na nuclei and the two neighboring FV3+O4F octahedral sites 

[23,46]. The 23Na NMR spectrum recorded on the Na2.6V2(PO4)2F3 reference was very similar 

to that of Na3V2(PO4)2F3, implying a predominant presence of V3+ ions. For lower Na contents, 

NaxV2(PO4)2F3 (x = 2.2 and 2.1) references, three 23Na resonances could be detected at 140 

ppm, 107 ppm, and 90 ppm, which can be assigned to Na+ ions in Na(V3+O4F2)2, 

Na(V3+O4F2)(V4+O4F2) and Na(V4+O4F2)2 local environments, respectively [46]. 

The observed 23Na resonances were deconvoluted to determine the contribution of each 

component to the total signal (Figure S12 and Table S4). These three 23Na NMR resonances 

were also recorded on samples recovered from different parts of the positive electrode after the 

long-term cycling test. The signal deconvolution analysis showed that the relative intensity 

between signals observed at the beginning and middle of the roll was quite similar to those 

observed in the Na2.2V2(PO4)2F3 reference (Figure S12 and Table S4), which was in agreement 

with the Na2.2V2(PO4)2F3−Na2.3V2(PO4)2F3 compositional range as suggested by XRD analysis. 

Moreover, the 23Na NMR spectrum recorded at the end of the recovered electrode showed an 

important contribution (49%) of the resonance at 137 ppm, due to the Na-rich composition 

“Na2.7V2(PO4)2F3”, again in agreement with results from XRD. 

On the other hand, the 23Na NMR spectrum of the positive electrode recovered from the 

calendar test shows two resonances at 95 and 84 ppm, which was quite similar to those of 

Na2.0V2(PO4)2F3 reference (Figure S12 and Table S4); nonetheless, the contribution of the 

signal at 84 ppm observed in the recovered electrode was lower than in the Na2.0V2(PO4)2F3 

reference (Table S4). This indicates the electrode recovered from the calendar test would have 

a composition in the range of Na2.0V2(PO4)2F3−Na2.1V2(PO4)2F3. 

 

31P solid-state NMR spectroscopy. The 31P ss-NMR spectra of the aged electrodes were 

compared to those of Na3V2(PO4)2F3, Na2.2V2(PO4)2F3, Na2.1V2(PO4)2F3, and Na2.0V2(PO4)2F3 

references in Figure 5c. The main resonance observed at 6000 ppm in the uncycled 

Na3V2(PO4)2F3 (Figure 5c) was due to the Fermi contact between the P nuclei and the four 
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neighboring V3+ in the P(V3+O4F2)4 local environments [42,46], and there was no significant 

change in the position of the 31P signal when moving from Na3V2(PO4)2F3 to Na2.6V2(PO4)2F3, 

as shown in Figure 5c. The 31P ss-NMR spectra of Na2.2V2(PO4)2F3 and Na2.1V2(PO4)2F3 look 

quite similar, and they both show resonances at 4500 ppm, 3700 ppm, and 3000 ppm, with the 

main one being that at 3700 ppm. 

The 31P ss-NMR spectra recorded on different parts of the positive electrode recovered from 

the long-term cycling test showed several resonances at 6000 ppm, 4500 ppm, 3700 ppm, 1500 

ppm, and 0 ppm, which did not resemble any reference. This long-term cycling electrode 

suffered several successive phase transitions coupled with a continuous electrode degradation 

process, and a combination of these factors could introduce several structural defects and the 

existence of several phosphorus local environments. 31P ss-NMR spectra of cycled electrodes 

showed several complicated resonances and deviated significantly from references; hence, 31P 

ss-NMR could hardly provide any explicit information on the composition of the long-term 

cycling electrode. Nonetheless, the apparent 31P resonances at 6000 and 5500 ppm observed at 

the end of the roll could be linked to the presence of V3+-rich domains in the expected 

“Na2.7V2(PO4)2F3” composition. On the other hand, the 31P ss-NMR spectrum of the positive 

electrode recovered from the calendar test showed an intense signal at 3700 ppm (Figure 5c), 

which was very similar to the main resonance observed in the Na2.0V2(PO4)2F3 reference, again 

in full agreement with XRD results. 

In order to complement to the characterisation of aged NVPF electrodes by bulk-sensitive 

techniques, the surface chemistry was investigated with the help of a surface-sensitive 

technique, namely XPS. 

X-ray photoelectron spectroscopy (XPS). Both negative and positive electrodes recovered 

from the aging tests (long-term cycling and calendar tests) were analysed by XPS. 

Negative electrodes. Figure 6 displays V 2p, C 1s, and F 1s XPS spectra of the samples of the 

cycled negative electrode recovered after the calendar aging test from three different locations 

of the roll. O 1s, P 2p, and Na 2s spectra are also given as supplementary information in Figure 

S13. Quantification of all core peaks is provided in Table S5. Significant amount of vanadium 

was found on the surface of these negative HC electrodes after the cycling and calendar aging 

tests, as evidenced by V 2p spectra (Figure 6a). The global amount of vanadium was in the 

range of 1–2 at.% (atomic percentage) on three different roll locations for the cycled electrode 

and reached 3.3 at.% for the calendar aging. Three kinds of vanadium environments were 
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observed at the surface of the HC electrode, with three different V 2p3/2 binding energies: 515.5, 

516.5, and 517.5 eV. The highest one at 517.5 eV matched rather well with V3+ from NVPF; 

however, NVPF structure was not expected to be found at the surface of the negative electrode 

after its partial dissolution and migration/diffusion of the dissolved vanadium through the 

electrolyte. This binding energy also matched well with V5+ from V2O5, and the two other 

observed binding energies, 515.5 and 516.5 eV, were in good agreement with V3+ and V4+ from 

V2O3 and V2O4 [47,48]. Therefore, the presence of vanadium at these three different oxidation 

states could be explained by the electrochemical reduction of the dissolved vanadium into V0 

at the negative electrode surface at low potential and its oxidation after deposition. The 

oxidation of V0 could be triggered by oxygen traces or even solvent molecules due to the high 

reactivity of the electrodeposited vanadium as metallic nanoparticles. This amount of vanadium 

could enhance the electronic conductivity of the SEI (which should ideally remain 

electronically insulating) or its chemical instability. This metal content is in the range of the 

values reported for LIBs. For instance, 0.9 at.% of Co was observed at the surface of the graphite 

electrode of a graphite||LiCoO2 full-cell after only 60 cycles between 2.7 and 4.4 V with LiPF6 

salt [49]. Therefore, 1–2 at.% of vanadium, observed on the surface of our HC electrode after 

800 cycles between 2.0 and 4.25V (harder oxidising conditions), is not likely to play a 

detrimental role on the SEI stability. 
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Figure 6. XPS (a) V 2p, (b) C 1s, and (c) F 1s spectra of HC samples recovered from different 

locations of the negative electrode after long-term cycling at 45°C and after the calendar aging. 

Na Auger peaks overlapping with V 2p spectra correspond to the Na KL1L2,3 (3P) transition. 

The CH2* and CF2* contributions in C 1s spectra correspond to the PVdF binder. 

 

C 1s and F 1s peaks (Figures 6b and 6c) provided helpful information on the chemical 

composition of the SEI. First of all, for none of these four samples, the C 1s signal of the HC 

active material could be detected after aging, which means that the SEI thickness was more 

significant than the probing depth of XPS at the usual photon energy (~ 5-10 nm for hν = 1486.6 

eV). Moving the photon energy up to hν = 2984.2 eV (with the Ag Lα source available on the 

same machine) did not allow to reach the C 1s signal of the HC, although the probing depth 

was about twice greater at this energy. The observed C 1s components were characteristic of 

the various carbon environments of species in the SEI: the 285.0 eV binding energy corresponds 

to C atoms linked only to H and C atoms, related to aliphatic chains and natural hydrocarbon 

surface contamination, as usually observed in XPS spectra. The contribution at 286.6–286.8 eV 
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was attributed to C atoms bound to one oxygen (yellow component), the one at 288.4–288.6 eV 

was assigned to O−C=O environments (blue), and the one at 289.4–289.6 eV was due to CO3 

carbonate environments (green). The weak component at higher binding energy (290.6–290.7 

eV) was attributed to CF2 groups of PVdF binder (grey component). To fully account for the 

contribution of PVdF binder, an additional component at 286.1 eV corresponding to CH2 groups 

of PVdF was included in the fitting and constrained to be equal to the CF2 component in width 

and intensity. It appears that C 1s spectra of the three different roll locations after long cycling 

were quite similar, showing that the composition in carbonaceous species in the SEI was 

relatively homogeneous in the whole electrode (which was also confirmed by O 1s spectra, 

Figure S13a). Concerning the electrode obtained after calendar aging, we can notice a smaller 

amount of carbonates and a greater content of O=C−O environments (Table S5). 

The amount of inorganic species fluctuated greatly, as shown by F 1s spectra in Figure 6c (and 

also P 2p spectra in Figure S13b). F 1s spectra displayed a first (purple) component at ≈ 687 eV 

corresponding to PF6
- anions in the SEI and the PVdF binder, and a second (red) component at 

≈ 684 eV corresponding to NaF generated by the degradation of both NaPF6 salt and FEC 

additive. The measured amount of NaF (at.% of NaF = at.% of F + at.% of Na = 2  at.% of F 

at 684 eV) accounts for 16 to 40 at.% of the SEI surface composition for the four samples 

(cycling and calendar aging). Phosphates originating from salt degradation were also detected. 

As a summary, it is interesting to note for all negative electrodes that the amount of carbonates, 

commonly due to Na2CO3 or sodium alkyl carbonates like sodium ethylene dicarbonate 

(SEDC), was low compared to other studies using similar solvents and/or salts [36,38,50] 

performed in electrodes recovered from half-cells. NaF being known as a poor ionic conductor 

contrary to other Na-rich species like SEDC, the presence of this compound in high quantity in 

the SEI might contribute to the capacity fading observed in these electrodes. 

 

Positive electrodes. Figure 7 presents V 2p, V 3p, valence (V 3d), and P 2p XPS spectra of 

the uncycled NVPF positive electrode compared with the one recovered from three different 

locations of the electrode after cycling and after the calendar aging test. C 1s, O 1s, and F 1s 

spectra are given in Figure 8. Quantification of all core peaks is provided in Table S6. The 

maximum position in V 2p spectra recorded on recovered electrodes did not change 

significantly compared to the uncycled NVPF electrode (Figure 7a), implying that vanadium 

recovered the +3 oxidation state. This observation contradicted NMR and XRD results showing 
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that Na was not fully reinserted into the NVPF electrode in the cycling and calendar tests. 

However, the V 2p binding energy depends on the local environment of vanadium and the 

crystalline structure, and for example, V3+ in NVPF has about the same binding energy as V5+ 

in V2O5. Moreover, we know that because of partial dissolution of NVPF, one or several other 

vanadium-containing compounds may be present at the surface of the positive electrodes. 

Therefore, the V 2p probe alone was insufficient to investigate vanadium oxidation states 

correctly.  

V 3p/V 3d intensity ratio in XPS can be used as an alternative to identify vanadium oxidation 

states. A slight V 3d peak could be identified at ~ 2 eV close to the Fermi level in the valence 

spectrum (Figure 7b). The intensity of this V 3d peak is proportional to the number of 3d 

electrons, and thus vanadium oxidation state: 3d2 (V3+), 3d1 (V4+), and 3d0 (V5+), while the one 

of V 3p peak does not vary as a function of 3d electron number. It is thus possible to calculate 

the average vanadium oxidation state on the surface of the electrodes from the V 3p/V 3d 

intensity ratio by comparison with the same ratio measured on the uncycled electrode. The 

result of this analysis gave the following average vanadium oxidation states: beginning of roll 

+3.2, middle of roll +3.7, end of roll +3.3, and calendar aging +3.7. This heterogeneity between 

the different parts of the same cycled electrode (beginning, middle and end) is fully consistent 

with the results from XRD and NMR studies. 
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Figure 7. (a) V 2p, (b) V 3p + valence and (c) P 2p XPS spectra of NVPF samples recovered 

from different locations of positive electrode after long-term cycling at 45°C and after the 

calendar aging, compared with the uncycled composite electrode. Na Auger peaks overlapping 

with V 2p spectra correspond to the Na KL1L2,3 (3P) transition. 

 

P 2p spectra show the signature of (PO4)3- groups of NVPF (133.1–133.2 eV), together with 

another P 2p signature appearing at 134.5–134.6 eV, which was significantly higher than the 

phosphates originated from salt degradation (as observed at the surface of the negative 

electrode). This component could be linked to surface attack of the NVPF material, leading to 

vanadium dissolution and release of undefined phosphates or POxFy species and might explain 

some unidentified peaks in 31P ss-NMR spectra. Phosphates originating from salt degradation 

might also be present on the surface of the positive electrode and overlap with other signals. 

Finally, a weak P 2p signature of the salt NaPF6 was observed for two samples.  

The C 1s and F 1s spectra of the positive electrode (Figures 8a and 8b) were dominated by 

PVdF binder and carbon Super P. However, the C 1s spectra of aged electrodes display some 
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differences compared to uncycled NVPF electrode, with the appearance of different oxygenated 

environments of carbon corresponding to deposited organic species on the surface of the 

electrode, ensuing from carbonate solvents degradation. As observed on the HC negative 

electrodes, the surface reactivity seemed to be enhanced by calendar aging at 100 % SoC. 

The O 1s signature of (PO4)3- groups of NVPF was still observed after cycling and calendar 

aging (black peak on Figure 8c). Two new components were also observed (brown and yellow 

peaks at 532 and 533.7 eV, respectively), which could be assigned to oxygenated organic 

species detected in C 1s spectra and surface degradation species, in agreement with P 2p 

spectra. For all samples, the amount of inorganic deposited species was lower than observed at 

the surface of the negative electrodes: the presence of NaF could not be demonstrated since the 

intensity of the F 1s peak at 684 eV did not significantly increase after aging, and neither did 

the Na Auger peaks in O 1s and V 2p spectra. 

 
Figure 8. (a) C 1s, (b) F 1s, and (c) O 1s XPS spectra of NVPF samples recovered from different 

locations of the positive electrode after long-term cycling at 45°C and after the calendar aging, 

compared with the uncycled NVPF electrode. Na Auger peaks overlapping with O 1s spectra 

correspond to the Na KL1L2,3 (1P1) transition. 
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4. Global discussions 

Overall, the aging process in Hard carbon||Na3V2(PO4)2F3 full-cells in the 18650-format occurs 

via several mechanisms: loss of Na inventory in irreversible capacity and SEI formation, loss 

of vanadium in NVPF electrode through dissolution and deposition on the negative electrode, 

electrolyte decomposition, and internal resistance build-up. These phenomena seem to be 

promoted by elevated temperatures, cycling at low C rates (or during a long time), and long rest 

periods at high SoCs, which is consistent with the current knowledge of aging in LIBs. 

Indeed, degradation mechanisms observed at the positive electrode in LIBs are commonly 

classified into (i) loss of Li+ ions that are no longer available to shuttle between the two 

electrodes and (ii) loss of active material in the electrode [1,3,4,6,51]. Both mechanisms were 

observed in this study; nonetheless, the loss of Na inventory was found to be predominant, the 

main cause being the consumption of Na+ ions in the formation of the SEI layer on HC 

electrode. Some previous studies on LIBs pointed out that Li+ loss could also be rooted in the 

Li plating process [6], which was not the case for Na+ in this study. 

The capacity degradation can also come from a loss of the active material in the electrode 

through a “dissolution−migration−catalytic reduction” process [6,52,53]. The dissolution of 

transition metal ions is often assigned to acid attack, with the main dissolving agent being HF, 

which is a product coming from the hydrolysis of PF6
-. The dissolved ions can thus migrate 

through the separator and deposit on the negative electrode. The low amount of vanadium 

deposited on HC electrode found in this study (1−2 at.%) seems to indicate that NVPF would 

be relatively resistant to the acidic corrosion. Yet, further studies are still required to fully 

understand the involved processes. 

On the other hand, it has already been demonstrated for 18650 Li-ion cells using graphite 

electrodes that one of the main reasons behind capacity loss is the SEI thickening upon cycling 

[34]. In the present case, due to the higher solubility of Na salts when compared with their Li 

analogues, the evolution of the SEI upon time/cycling is expected to be more drastic [36,54]. 

Upon dissolution of the Na-based SEI components, the passivating role of this layer can be lost, 

resulting in further electrolyte reduction. This process can occur during rest periods at high 

SoCs or upon cycling at low C rates when more time is allowed during each cycle for SEI 

dissolution. These effects can eventually thicken the passivation layer and modify its 

composition with an increased proportion of the most insoluble compounds (such as NaF). 

These assumptions are in full agreement with results from XPS measurements, which enable to 

conclude that a rather thick SEI is formed (> 20 nm since hard carbon cannot be detected using 
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hν = 2984.2 eV). The detected NaF content (between 16 and 40 at.% at the electrode surface), 

is significantly higher than what could be measured in Na half-cells after about 100 cycles (~ 5 

at.%, see [38]). These observations and the increase in the cell’s internal resistance upon time 

reveal that SEI layers in HC||NVPF full-cells evolve towards less soluble/inorganic components 

during cycling with a significant content of NaF, which is a poor ionic and electronic conductor. 

One can hence infer that SEI dissolution and regrowth can be one of the main origins for the 

loss of Na inventory deduced from post-mortem analysis of NVPF electrodes. Indeed, upon 

calendar test, the SEI reformation can occur without current flowing between the electrodes 

(open circuit voltage, OCV) through the electrolyte reduction concomitantly with the oxidation 

of hard carbon (Na+ removal). This loss of Na will eventually lead to capacity loss and 

incomplete Na+ re-insertion into NVPF. Upon continuous cycling, the SEI dissolution and 

reformation occur continuously via a gradual consumption of Na+ inventory in the positive 

electrode and an increase of irreversible capacity. Compared with aging upon continuous 

cycling, the more substantial capacity loss recorded for the calendar test at 100% SoC suggests 

that OCV period could favour the SEI dissolution and reformation on the HC electrode. Indeed, 

Na+ insertion into HC and the electrolyte reduction are competing redox processes upon 

cycling, while only electrolyte reduction can occur during OCV period due to direct contact 

between the electrolyte and the fully charged electrodes. 

Temperature is an important parameter affecting the SEI dissolution and reformation. More 

severe loss of Na inventory from the positive electrode and a higher increase in the cell’s 

internal resistance were observed at more elevated temperatures. In 18650-format cells, a 

temperature gradient exists with a higher temperature detected in the inner part of the cell [45]. 

This phenomenon explains why an inhomogeneity in Na+ loss is observed at different parts of 

the NVPF roll. Furthermore, SEI dissolution and reformation are more critical at the inner part 

of the cell, where a higher temperature was reported. The SEI layer observed on the HC 

electrode at the cell core is rich in NaF content (about 40 at.%). 

Finally, mechanical stresses could be observed at the electrode level for cells aged through long-

term cycling (folding of the separators, see Figure 4), while no such evidence could be seen 

after dismantling cells after calendar aging at high SoC (Figure S5). Nevertheless, the capacity 

loss and internal resistance build-up in calendar aging are more severe than long-term cycling 

aging. These observations indicate that irreversible capacity loss due to Na+ consumption in the 

SEI dissolution and regrow is the most problematic aging mechanism in Na cells compared 

with other issues such as mechanical stress build-up or particle disconnection. 
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5. Conclusions 

Thirty-six HC||NVPF full-cells in 18650-format were successfully assembled, and all the cells 

exhibited identical electrochemical performance. The assembled cells underwent aging tests at 

continuous cycling or storage at elevated temperatures (calendar test). The obtained results 

reveal that temperature is the primary factor impacting cell degradation and capacity loss. The 

cell aging process was more pronounced at low current rates in continuous cycling conditions 

as the electrolyte decomposition was more important. Furthermore, the continuous 

sodiation/desodiation likely induces mechanical stress, leading to the folding of the jelly rolls 

in the middle of the cell and the detachment of the active materials from the current collector, 

a phenomenon not observed after calendar ageing. In calendar test, degradation was found to 

be more significant at high SoC due to the high open-circuit voltage of the cells, causing 

enhanced electrolyte decomposition due to direct contact with the very oxidising/reducing 

nature of the positive/negative electrode surfaces, respectively. 

By combining XRD, 23Na, and 31P ss-NMR, we demonstrated that NVPF structure can 

withstand long-term cycling, even at elevated temperature (45oC), despite significant capacity 

loss caused by the loss of Na inventory associated to SEI formation on the HC electrode. 

Inhomogeneity in the Na content throughout the electrode occurred from the first cycles, its 

extent depending on the internal pressure/temperature gradient being enhanced at the centre of 

the cell, where higher temperature is expected. SEI dissolution and reformation was identified 

as one of the most a critical parameter with respect to aging mechanisms. The high solubility 

of some Na based SEI components eventually results in its thickening and enrichment in NaF 

upon time and cycling. 

XPS evidenced the formation of a relatively thick passivating layer on the surface of the 

negative electrode, its composition being analogous to those observed in LIBs. Deposited 

species were also observed on the positive electrode but to a much lesser extent. In both cases, 

the phenomenon is more significant after calendar aging at 100% SoC than during long-term 

cycling. Finally, XPS studies also enabled to detect a slight dissolution of vanadium from the 

positive electrode, which would end up deposited on the surface of the negative electrode. 

Despite the process being enhanced during calendar aging at 100% SoC, the observed 

dissolution level is low and acceptable for practical use in batteries. 
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